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Abstract 

This project has been focused on the design and analysis of an 
ultra-high resolution water window soft-x-ray microscope. These ac- 
tivities have been accomplished by completing two task contained in 
the Statement of Work of this contract. The new results from this 
work confirm (1) that in order to achieve resolutions greater than 
three times the wavelength of the incident radiation, it will be nec- 
essary to use aspherical mirror surfaces and to use graded multilayer 
coatings on the secondary in order to accommodate the large varia- 
tions of the angle of incidence over the secondary when operating the 
microscope at numerical apertures of 0.35 or greater; (2) that surface 
contour errors will have a significant effect on the optical performance 
of the microscope and must be contolled to a peak- to- valley variation 


1 



of 50 - 100 A and a frequency of 8 periods over the surface of a mirror; 
and (3) that tolerance analysis of the spherical Schwarzschild micro- 
scope has been shown that the water window operations will require 
2 — 3 times tighter tolerances to achieve a similar performance for op- 
erations with 130 A radiation. These results have been included in a 
manuscript entitled “Prospects for Achieving Ultra-High Resolution 
with a Multilayer, Two-Mirror Microscope,” which is enclosed in the 
Appendix of this report. 


1 Introduction: 

In support of the NASA/MSFC Advanced Water Window X-ray Microscope 
effort, this work addressed two task. Task 1 (Advanced Water Window Imag- 
ing X-Ray Design) focused on determination of analytical and numerical 
equations for the Head microscope mirror surfaces in a form which can be 
used by conventional optical design codes, manufacturing, and testing. Task 

2 (Tolerance Analysis of Soft-X-Ray Microscope) proposed to analyze mirror 
surface figure errors to determine whether the state-of-the-art mirror fabri- 
cation and testing will be adequate to enable the Head configuration of the 
Water Window Microscope to achieve resolution less than 100 A. The man- 
power funded by this contract was allocated equally between these two Task, 
which were completed and have been presented to the NASA/MSFC Tech- 
nical Coordinator of this project (R. B. Hoover) and were part of an invited 
presentation given by the PI to Soft X-Rays in the 21st Century Conference, 
February 10-13, 1993, Provo, Utah. Further, the Editor of the Journal of Soft 
X-Ray Science and Technology has invited the PI to submit a manuscript 
based on this work for publication. A draft of this manuscript is included in 
the Appendix of this report. The reader of this report is encouraged to read 
the manuscript contained in the Appendix first. Then, results, recommenda- 
tions and conclusions of this project are presented in the next two sections 
of this report. 


2 Results 

Figure 1 presents a geometrical configuration of the Head-Schwarzschild mi- 
croscope. When configuring a reflecting microscope system, the magnifica- 
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tion is normally determined by the object and detector resolutions. Equa- 
tions 1-3 from the Appendix enable one to evaluate the Schwarzschild 
microscope parameters when the magnification, m, and radius of curvature 
of the secondary, are given. Table 1 from Appendix presents a tabulation 
of Schwarzschild microscope parameters when R 2 = 10cm and m ranges from 
2 to lOOrc. When alternate values of R? are used, all spatial dimensions scale 
linearly with R 2 . Section 2 of the Appendix presents a complete discussion 
of the performance and system parameters of a spherical Schwarzschild mi- 
croscope including some relationships between NA, magnification, diameter 
of the primary mirror, radius of curvature of the secondary mirror, and the 
total length of the microscope. To achieve resolutions better than a spher- 
ical Schwarzschild microscope of 3.3A for a perfectly aligned and fabricated 
system, it is necessary to use aspherical surfaces to control higher-order aber- 
rations. 

Using the equations presented in section 3 of the Appendix, data for the 
aspherical mirror surfaces of a Head microscope can be evaluated when the 
magnification and the spacings between the object and primary, image and 
secondary, and the two mirror surfaces are given. Using a linear least squares 
fitting technique, the mirror surface data can be fitted by surface equations 
of the form 


z{h) = 


ch 2 

1 + y/(l-cWj 


t max 


+ y A ' h ' 

i= 4,6 


(1) 


where c is the vertex curvature, h is the height of a ray from the optical 
axis, Ai are the aspherical deformation coefficients, which range in number 
depending of the fitting approach. For the aspherical coefficients presented in 
Table 2 of the Appendix, i max = 6, and two aspherical deformation terms 
were considered in this fit. This system represents perhaps the simplest 
description of a Head microscope with NA = 0.35 that provides diffraction 
limited performance, and thus, should be a primary system to fabricate and 
test. 

Although it has been demonstrated that the Head microscope can be 
designed to achieve diffraction limited performance over a large numerical 
aperture and the Head surfaces can be fitted very accurately, it can not be 
assumed that a Head microscope can actually be built to operate at these 
high numerical apertures, since the aspherical surfaces will require very ac- 
curate manufacturing of the surface contour. In addition to the system toler- 
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ances for alignment, analysis of the surface manufacturing tolerance become 
very important for soft-x-ray systems. In order to investigate the effects of 
the manufacturing process of optical surfaces on the performance of the de- 
signed system, some numerical simulations have been done. Based on an 
understanding of the manufacturing process, assume that the manufacturing 
process introduces some errors into the mathematically well fitted surfaces. 
Then, one can assume that a real surface can be described by the following 
formula: 


z = f(x,y) + S(x,y) (2) 

where f(x,y ) represents the ideally fitted surface and 8(x, y) describes the 
manufacturing errors introduced into the surface contour. 

For manufacturing a sysmmetric surface, the surface substrate usually 
is rotated about the symmetry axis while the cutting tool is milling on the 
surface, and the cutting tool should also be moved back and forth along the 
radial direction to cover the entire surface. Thus, it is reasonable to assume 
that the manufacturing surface errors are rotationally symmetric around the 
surface. In this simulation work, an approximately linear model for the 
manufacturing surface errors has been used and can be written as follows: 

£(r) = fcr[l + csin(27r/ 0 r)] (3) 

where k = (AVror max )/r max is a constant that gives the maximum contour 
error on the surface, the constant c measures the contribution of rotational 
error effects, and f 0 gives the frequency of these rotational error effects. Fig- 
ures 11-12 from the Appendix show the surface error functions with different 
values of parameters and the appropriate sine wave MTF for each case. It 
can be seen from Figs. 11-12 that the simulated surface errors contribute sig- 
nificantly to the system performance even though the maximum error value 
is only a quarter of wavelength. 


3 Recommendations and Conclusions: 

This investigator recommends that NASA fabricate a 30x Head-Schwarzschild 
microscope configured as listed in Table 2 of Appendix. The substrate fab- 
rication and test of this system appear to be more promising than the other 
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systems considered. In order to realize the resolution enhancement potential 
of these fast Head microscope, it will be necessary to use a divergent x-ray 
source with cone half- angle of at least 20°, which suggest that a laser plasma 
system would be a good source configuration to enable the fast microscope 
to achieve the ultra high resolution of the diffraction limited performance of 
1.4A. Tolerance analysis of the spherical Schwarzschild microscope has shown 
that the water window operations will require 2 — 3 times tigher tolerances to 
achieve a similar performance for operations with 130 A radiation. Surface 
contour errors have been shown to have a significant impact on the optical 
performance and must be controlled to a peak-to- valley variation of 50—100 
A and frequency of 8 periods over the surface of a mirror. 
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Space Science Laboratory 
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ABSTRACT 

Promoted by the successful application of multilayer coated optics in soft x-ray imaging experiments 
in solar physics and projection lithography, several groups have designed, analyzed, fabricated, 
and are testing Schwarzschild multilayer, soft x-ray microscopes. Simulations have indicated that 
diffraction limited performance of a spherical Schwarzschild microscope operating near 100 A will 
be limited to systems with a small numerical aperture of approximately 0.15 and a corresponding 
resolution, based of the Rayleigh criterion, of 3.3 times the wavelength of the incident radiation. In 
principle, a two aspherical mirror Head microscope, which satisfies the constant optical path length 
condition and the Abbe Sine Condition, should achieve diffraction limited performance for very 
large numerical apertures. However, surface contour errors and variation of the angle of incidence 
over the multilayer substrates become significant factors in degrading system resolution and must 
be controlled. For a 30x reflecting microscope with a numerical aperture ranging from 0.15 to 0.35, 
the effects on resolution of surface contour errors, tilts and misalignments of the optics have been 
studied. Graded spacing of the multilayer coatings on the mirror substrates are required to enable 
operation of a fast, two-mirror microscope. These studies coupled with an assessment of substrate 
and multilayer coating technologies form the basis for projecting the prospects of achieving ultra- 
high resolution with a multilayer, two-mirror microscope operating with soft x-rays. 


1 Introduction 


Due to the vacuum environment of a sample, conventional electron microscopes can not be used to 
investigate biological samples under natural conditions. X-ray microscopes provide a different way 
of studying samples with a resolution of several hundred angstroms. [1, 2, 3] Although diffractive 
zone plates[4] can be used to focus x-rays in a microscope with a resolution of about 300 A, there 
are some problems, such as, low diffraction efficiency and the high cost of making the zone plates, 
which seem to constrain zone plate x-ray microscopes from achieving resolutions of less than 200 
A. The development of multilayer coatings[5, 6] provides the possibility of using multilayer coated 
mirrors for soft-x-ray microscopy studies with very high resolutions. 

An important field for using high resolution soft-x-ray microscopy is cell biology. Many bio- 
logical samples contain carbon based molecules in an aqueous environment. The water window[7] 
refers to the soft-x-ray wavelength region of 23.6 — 43.6 A in which water is relatively transparent 
and carbon is highly absorptive. This provides the possibility of studying the structure of DNA 
and macromolecules within living cells. In order to study microscopic features of biological objects, 
a multilayer coated, reflecting microscope has been proposed for use within the water window, [8, 9] 
where one would like to resolve features smaller than 100 A. [10] For a reflecting microscope, this 
means that a numerical aperture of about 0.4 or greater is required to enable the system to achieve 
resolutions less than 100 A. 

The Schwarzschild two-mirror systemfll, 12] has been used for many microscopy and projection 
lithography applications over a wide range of the electromagnetic spectrum. Recently, the spherical 
Schwarzschild optics coated with multilayers have been used in soft-x-ray microscopy applications^, 
13, 14, 15, 16] and for projection lithography[17, 18] where linewidths of 500 A have been written 
on photoresist by AT&T Bell Labs. While operating within the 100 - 200 A region, diffraction 
limited performance has been obtained for a small numerical aperture ( NA < 0.16) and over a 
small field of view. 

In an effort to provide capabilities for using alternate configurations of two-mirror microscopes 
while only using third-order designs, Hannan[19] has presented a general analysis of a two conical 
mirror relay system which corrects third-order spherical aberration, coma, and astigmatism. The 
concentric, spherical Schwarzschild system is a special case of Hannan’s formulation. Hannan’s ap- 
proach enables one to construct a two-mirror microscope where the two conical mirrors are used to 
overcome the constraint of concentric, spherical mirrors required in the conventional Schwarzschild 
system. However, the Hannan system does not provide for any higher order correction of aberra- 
tions and would likely not function well with a large NA. In order to increase the resolution, one 
can decrease the operating wavelength and/or increase the NA. To increase the NA and to control 
aberrations such that diffraction limited performance can be achieved, the authors have proposed 
using the aspherical Head microscope design. [20, 21] 

A. K. Head[22] has used the aplanatism conditions of constant optical path length and the 
Abbe Sine condition rays to set up differential equations for determining the surface shapes of a 
two-mirror imaging system such that all orders of spherical aberration and coma are zero. This 



means that the Head microscope should provide near diffraction limited performance for very 
large numerical apertures over a small field of view. Analytical solutions of these two differential 
equations have been obtained but can not readily be used by conventional optical design codes to 
determine the performance of a Head microscope. 

In this paper, the design and analysis of the performance of a Schwarzschild microscope is 
reviewed. Then, a parametric study for a spherical Schwarzschild microscope has evaluated the re- 
lationships between AM, magnifications, total system length, mirror radii and diameters. In section 
3, an analysis of the characteristics of the aspherical surfaces of a Head-Schwarzschild microscope 
are presented, including a discussion of fitting a conic function plus aspherical deformation terms 
to the mirror surface data. The optical performance of a fast Head microscope has been analyzed 
by conventional optical design codes. Analyses of the Head surface shapes and of the variation of 
the angles of incidence over the mirror surfaces have been performed to determine whether current 
optical substrate and multilayer coating technologies will permit construction of a very feist Head 
microscope which may provide resolution approaching that of the wavelength of the incident radia- 
tion. This paper concludes with a discussion of the tolerance analysis of a Schwarzschild microscope 
operating at 40 A and 130 Aand of the surface figure errors of the aspherical Head mirrors. 


2 Schwarzschild Configuration 


A third-order aplanatic design of a reflecting microscope can be made from two concentric spherical 
mirrors as shown in Fig. 1 , if the mirror radii satisfy the Schwarzschild condition: 


R 2 3 /5 Ri 

% = 2~Zo ± V4~Zo 


where /?j and R 2 are the radii of curvature of the primary and secondary mirrors, Zq is the distance 
from the object point to the center of curvature of the two mirrors, and the + sign in Eq. 1 is used 
when the magnification is greater than 5. Using paraxial optics relationships, the magnification of 
a spherical Schwarzschild microscope can be written as 


— R\ R 2 

(2R\Zq — R\R 2 — 2R 2 Z 0 ) 


( 2 ) 


For a derivation and more discussion of the Schwarzschild condition, Eq. 2 and some ray tracing 
analyses, see Ref. [12]. It has also been shown[23] that a spherical Schwarzschild microscope does 
not have any third-order astigmatism while also satisfying the third-order aplanatism conditions. A 
more convenient relationship for computing microscope system parameters in terms of the system 
magnification (m) is obtained by elimenating Ri in Eqs. 1 and 2 to obtain 


R 2 — m(m - 1) + myj(m - 1) J + 4(m+ l) 2 
Zq (m + l) 2 


( 3 ) 



where R x can now be evaluated as a function of m from Eqs. 1 and 3. Using the mirror equation and 
Eqs. 1 - 3, one can evaluate the data in Table 1, which gives the Schwarzschild system parameters for 
a range of magnifications where L(= Z 0 + Z,) is the total length of a microscope and Z(= Z, — R\) 
is the distance from the vertex of the primary mirror to the image plane. The data in Table 
1 can be scaled linearly. For example, to obtain the system parameters of a microscope with a 
secondary radius of curvature of 5 cm, then multiply the data in Table 1 by 0.5 to obtain the 
systems parameters for such a microscope. 

When designing a microscope, it is generally necessary to determine the magnification required 
to enable the detector to record the smallest object features. For a two-mirror, multilayer reflecting 
microscope, it would be desirable to be able to record object features as small as 50 A when 
operating within the water window. For a practical laboratory microscope, film should be used 
as a detector. Recently, Hoover, et al. [24] reported testing ten soft x-ray films with resolutions 
ranging from 120 — 5, 000 It is also possible to use photoresist as a detector in the image plane 
with a capability of resolving image features as small as 100 A. However, photoresist requires a 
contrast higher than most films for recording images. Therefore, systems based on using photoresist 
as a detector will not be considered any further here. 

Using films with resolutions within the range of 2, 000 — 5, 000 to record object features as 
small as 50 A will require a magnification of 50 — 20x. Based on the data presented in Table 1, 
microscopes with magnifications of 40 — 50x are too long for convenient laboratory applications, 
unless the radius of curvature of the secondary mirror is very short, which creates other system 
fabrication problems. Therefore, a magnification ranging from 30 — 40x represents a compromise 
between competing factors, where the secondary mirror would have approximately a 5 cm radius 
of curvature. 

To obtain a measure of the object plane resolution, one typically divides the image plane 
resolution (defined in terms of the system achieving a specified MTF which will account for the 
detector characteristics) by the system magnification. For microscope applications, it is convenient 
to use the object space numerical aperture, NA(= sin 9), instead of the image space numerical 
aperture, AM ltn (= sinu). However, from the Abbe Sine Condition 


NA = m NAi m . (4) 

Equation 4 can be used to convert the numerical aperture from object to image space. In the 
following results, the object space NA is used as an independent variable. Figure 2 presents 
the sine wave MTF and point spread function (PSF) of a 30x Schwarzschild microscope. When 
different magnifications are considered, similar MTF and PSF plots can be made, but the object 
plane resolution is independent of the magnification. [26] However, the object plane resolution 
detoriates with increasing off-axis object points. Figure 3 presents the object plane resolution of a 
Schwarzschild microscope as a function of NA for different values of MTF. Note that an optimium 
object resolution is achieved for a NA within the range of 0.16 — 0.17. The object resolution 
detoriates significantly for large NA, since the Schwarzschild microscope is only a third-order 
design. 



When configuring a Schwarzschild microscope for a specific application, [25] it is desirable to 
understand the relationship between the numerical aperture ( NA ) of the microscope, the mag- 
nification (m), the diameter of the primary mirror (Dj iapt ), and the radius of curvature of the 
secondary mirror (Rj)’ For a spherical Schwarzschild microscope, it follows from the definition 
NA(= sin0 max ) and Fig. 1: 


NA = 


(*W 2) 


yj (■Dl,ap</2) 2 + ( Zq + R\ — ^l^nax) 2 
where from the equation of the primary mirror surface 


(5) 


JD&X — 


Ri + \]R\ ~ (D hapt f 2) 2 


( 6 ) 


Using Eqs. 5 and 6 for the calculations, Fig. 4 displays the relationship between NA , m, and the 
ratio (Di iap t/ R 2 ). One notes from Fig. 4 that NA is a much stronger function of (D li<ipt /R 2 ) than 
of the magnification of the system. For a practical example of the usefulness of the data presented 
in Fig. 4, consider that based on the object and detector resolutions, one seeks to build a 30x 
microscope with a NA of 0.3 — 0.4, which based on the Rayleigh criterion: 


Res = 


A 

2 NA 


(7) 


would correspond to a resolution of (1.2 — 1.6)A . Then, from Fig. 4, it follows that (-Di, op j/ R?) 
would need to be within the range of 2.05 - 2.70. It is generally recognized[21] that a spheri- 
cal Schwarzschild microscope can not perform with diffraction limited resolution for a numerical 
aperture greater than approximately 0.17. But the aspherical Head microscope, which will be dis- 
cussed in the next section, will enable operation of a reflecting microscope with diffraction limited 
resolution for a very large NA. 

Figure 5 presents a plot of the object space NA versus R 2 for different values of D\ >api . The 
relationships between these parameters should be considered before building a specific configuration 
of a two-mirror microscope. After a determination of m and NA, then substrate fabrication, 
polishing, and multilayer coating technologies will drive a determination of R 2 and D\ <apt . Also, 
it should be noted that a determination of first-order system parameters is required before the 
aspherical mirror shapes can be evaluated for a Head-Schwarzschild microscope which can provide 
diffraction limited performance for very large numerical apertures. For example, if one wishes 
to build a 30x microscope with a 12.5 cm diameter primary, then Fig. 5 predicts that R 2 would 
decrease from 5.9 cm to 4.5 cm as NA is increased from 0.3 to 0.4. More specifically, Table 1 and 
Fig. 5 predict the following first-order system parameters for a 30x microscope 

NA = 0.35, L = 124.88 cm, Ri = 13.917 cm, D\ iapt = 12.5 cm, R 2 — 5 cm. (8) 

A microscope with these system parameters can be fabricated with current technology. However, 
one must examine the aspherical surfaces required of this system to provide diffraction limited 



resolution of Res = A/ (2 NA) = 1.4 A. Also, one must evaluate the variation of the angle of incidence 
over both mirrors to determine the nature of the multilayer coatings which will be required. 


3 Head- Schwarzs child Configuration 

In order to improve the optical performance of a third-order design, such as the Schwarzschild 
microscope[12] or the conical microscope of Hannan[19), one often seeks an optical system which 
rigorously satisfies the Abbe Sine Condition: 


sin 0 — m sin u (9) 

and the constant optical path length condition: 

p + r + / = po + ro + /o (10) 

where m is the microscope magnification, and the variables (p,r, /) are defined in Fig. 1. The 
constants (/?oi r o,fo) are the paraxial values of the corresponding variables. An optical system 
which satisfies Eqs. 9 and 10 is called an aplanat, which is free of all orders of spherical aberration 
and coma. In 1957, Head[22] presented an analytical solution in closed form for a two- mirror 
aplanat with finite object and image points, that is, a microscope or projection system. The 
primary and secondary mirror surfaces are specified by the following equations [20]: 


Primary Microscope Mirror 


l _o _ (1 + *) (1 - 

p 2 k 2k 




7 — (1 — m) 
2m 


hr-(m-l)l' , |(K + lb (*-l) 


-1 


\2—a—0 


2(m + 1) 


( 11 ) 


where k = (p 0 + r 0 )//o , a = mc/(mK — 1) , /? = m/(m — k) , and 7 = cos# + y/m 2 — sin 2 0. 


Secondary Microscope Mirror 


to 

r 


(1 + *) , 

2k 


(1 “ K ) 

— cos u + 

2k 


±-L) (-J-Y 1 

r 0 kJ \\ + M J 


'6-(l-M)' 

a 


(k + 1)5 (k- 1) 

2 M 


2 

2(M + 1) 2 


( 12 ) 


where M = 1/m , a = Mk/(Mk — 1) , 0 — M/(M — k ) , and 6 = cosu + y/M 2 — sin 2 u = M7. 
It is straight forward to evaluate the mirror profiles of a Head microscope from Eqs. 11 and 12 for 



given input parameters (m y r 0 J 0y and p 0 ) , which follow from Fig. 1 and Table 1 using the following 
correspondence between Schwarzschild and Head parameters: 

( L — Z ) =>■ po , (/?i — Ri) => /o, (L — Zq — R 2 ) =>■ tq. 

In order to use a conventional optical design program to analyze the performance of a Head micro- 
scope, it is necessary to fit an equation to the numerical surface data representing the primary and 
secondary mirror surfaces. There are many ways to describe optical surfaces. Normally, optical 
surfaces are described by an equation With a conic term plus some aspherical deformation terms: 



where h is the radial distance of a point on the surface from the symmetry axis, c(= 1 / R) is the 
curvature of the vertex of the mirror, k is the conic constant, and An are the aspherical deformation 
coefficients. If k and An are zero, then Eq. 13 specifies that the surface is a sphere. If k is not 
zero, but all A 2 i are zero, then Eq. 13 represents a conical surface. 

After evaluating the surface data for the primary and secondary mirrors in a Head microscope 
from Eqs. 11-12, then we have used both linear and nonlinear least squares fitting algorithms to 
determine the surface parameters of Eq. 13 such that the Head microscope can be very consistently 
modeled to satisfy the aplanatism conditions and to yield diffraction limited resolution for the de- 
sired N A. For a specific set of surface data, it is not clear initially how many aspherical deformation 
terms will be required or whether the conic constant is zero. Experience has shown that it is de- 
sirable to determine an approximate shape of the Head surfaces before doing extensive nonlinear 
least squares fitting. As a result of the initial values used in this work, the Head surfaces can 
be approximated by spherical Schwarzschild microscope surfaces with the corresponding surface 
parameters. Good representations for Head surfaces have been determined to have a small conic 
constant and one to two aspherical deformation terms or to have zero conic constant with four to 
eight aspherical deformation terms. It has been found[27] that there are no unique representations 
for the fitting of a Head microscope surface, but all well behaved solutions have the same diffraction 
limited optical performance. Reference [27] presents Head surface parameters for a number of very 
well fit 30x and 40x microscopes which can provide diffraction limited performance for very large 
numerical apertures. 

For example, using a nonlinear least squared fitting algorithm, a set of Head surface parameters 
is given in Table 2 for a 30z microscope with NA = 0.35 where the following axial spacings have 
been used 

d 0 = 90.318625 mm, d x = 89.1710 mm, d 2 = 1159.5595 mm. (14) 

Typical aspherical surfaces described in Table 2 and Ref. [27] differ from a spherical surface by 
approximately one micron for a primary aperture radius of 70 mm, which corresponds to a NA = 
0.35. Figure 6 displays the deviation of the Head microscope surface from the best fit spherical 
surfaces as a function of the aperture radius for the microscope with system parameters given by 
Eq. 8 and Table 2 or Ref. [27]. Current substrate fabrication technologies should be able to make 
the mirror surfaces defined by Table 2. The MTF for the systems given in Eq. 8 and Table 2 or 



Ref. [27] are diffraction limited for small objects with diameters ranging from 40 — 50 /mi with 
results similar to those shown in Fig. 2, but with different cutoff frequencies. 

A challenging application for soft x-ray optics is to develop a multilayer, reflecting system which 
operates within the water window (23 — 44 A) (4, 9, 28] and which can provide higher resolution 
than a spherical zone plate microscope (300 A) or a spherical Schwarzschild configuration. Figure 
7 compares the object resolution of a 30x spherical Schwarzschild and Head microscope to the 
diffraction limited performance as a function of NA for an on-axis object. Since a Head microscope 
rigorously satisfies the Abbe Sine Condition and the constant optical path length condition, one 
expects that a Head microscope should be diffraction limited for on-axis objects, as shown in Fig. 7. 
Therefore, one can project from Eq. 7 that the theoretical resolution of a Head microscope would 
approach 1.2 — 1.6 A when operating with a NA of 0.3 — 0.4 . Figure 8 presents the off-axis 
performance of a Head microscope as a function of NA. If an image can be recorded with a MTF 
of 0.2, then the modeling results presented in Fig. 8 predict that the Head microscope should 
provide a resolution of 30 A over the entire object of 40 /im diameter, which exceeds the Rayleigh 
criterion for resolution given by Eq. 7 that requires a higher MTF at the half-cutoff frequency. 
It should be noted that these results are based on an idealized configuration without taking into 
account requirements which multilayer coatings impose on the reflectivity or of substrate and 
system fabrication tolerances. Also, this work has not addressed the practical issues of potential 
radiation demage of the object. 

Next, it is important to determine whether it is possible to deposit multilayer coatings on these 
fast mirror surfaces. Figure 9 presents the variation of the angle of incidence on both the primary 
and secondary Head mirrors as a function of the microscope NA for the 30x Head microscope 
which is defined by Eq. 8 and Table 2, where the diameter of the primary was increased to achieve 
a larger numerical aperture. It is evident from Fig. 9 that the angle of incidence varies more rapidly 
over the secondary than the primary. This strong variation of the angle of incidence over the 
secondary mirror has significant implications for the design and fabrication of multilayer coatings 
for a fast Head microscope. Depending on how a multilayer is designed, peak reflectivities may 
only be maintained for a 5 — 10° variation in the angle of incidence over the multilayer. Therefore, 
conventional multilayer coatings can not be used for a very fast Head microscope. However, graded 
or segmented multilayer coatings may be used to coat the secondary mirror such that operation 
with acceptable reflectivity may be achieved for a wide range of numerical apertures. [25] In the 
next section, results of system tolerances and surface contour error analysis will be presented. 


4 Tolerance Analysis: Schwarzschild and Head Results 


Results from the previous two sections have indicated that a spherical Schwarzschild microscope 
should be able to provide a diffraction limited resolution of 3.3A and that a Head microscope 
operating with NA = 0.35 should be able to provide a diffraction limited resolution of 1.4A. In 
this section, results of a conventional tolerance analysis are presented. Specifically, the optical 
performance of a spherical Schwarzschild microscope configured to operate with A = 40 A and 



130 A h ave been analyzed, where the effects of introducing perturbations in the design values 
of the mirror separation, radii of curvature, tilt and deccntration of the primary and secondary 
mirrors are considered. Three levels of tolerance analysis have been determined which will prevent 
the image space MTF(im) at the half-cutoff frequency from dropping below 0.20, 0.15, and 0.10, 
respectively. Table 3 summarizes these results for a spherical Schwarzschild microscope operating 
at 130 A, and Table 4 presents similar results for a spherical Schwarzschild microscope operating 
at 40 A. Results from Tables 3 and 4 indicate that there will be very tight tolerances required on 
the fabrication and assembly of a Schwarzschild soft x-ray microscope where the tolerances at 40 A 
will be approximately 2 — 3 times greater than those required for similar performance for a system 
operating at 130 A. It also follows that tolerances associated with the secondary mirror are more 
stringent than those required of the primary mirror for similar performance. 

In order to assess the importance of surface contour errors on system performance, we have 
evaluated the effect of surface perturbations to the Head microscope system. These surface per- 
turbations have been constructed such that there is not any deviation from the Head surfaces for 
axial points and that the perturbations oscillate with increasing amplitute for peripheral points. 
Specifically, the sag as a function of the radial coordinate h of the perturbed Head surface is given 
by 


Z = Z h + AZ (15) 

where Zh can be determined for the primary and secondary mirrors from Eqs. 11 and 12. The 
surface perturbation has been assumed to be in the specific form 


A Z = A Z m „ x [1 + 0.05 sin(27r fh)] 



(16) 


Figure 10 displays a perspective view of a Head microscope mirror surface with a surface per- 
turbation and a cross-sectional view of the surface perturbation for different values of /. Specific 
values for / and A Z max have been determined empirically to illustrate when the system MTF(im) 
significantly detoriates due to these surface contour errors. Figures 11 and 12 display the MTF(im) 
of Head microscope with surface contour errors for different wavelengths. From these results it is 
apparent that for / greater than (8/A max ) then the MTF(im) has degraded significantly. Also, for 
water window operation the peak-to-valley(2 AZ max ) surface contour errors should be kept less 
than 50 A at peripheral points on the mirror surfaces. Whereas, the peak-to-valley surface contour 
errors should be less than 200 A for operations with 130 A soft x-rays. These results indicate that 
achieving near diffraction limited performance within the water window will push the state-of-art 
in substrate fabrication and system assembly. 



5 Conclusions 


This work has summarized for a Schwarzschild microscope some relationships between N A , magni- 
fication, diameter of the primary mirror, radius of curvature of the secondary mirror, and the total 
length of the microscope. To achieve resolutions better than a spherical Schwarzschild microscope 
of 3. 3 A for a perfectly aligned and fabricated system, it is necessary to use aspherical surfaces 
to control higher-order aberrations. For a NA of 0.35, the aspherical Head microscope provides 
diffraction limited resolution of 1.4A where the aspherical surfaces differ from the best fit spherical 
surface by approximately 1 micron. However, the angle of incidence varies significantly over the 
primary and the secondary mirrors, which will require graded multilayer coatings to operate near 
peak reflectivities. For higher numerical apertures, the variation of the angle of incidence over the 
secondary mirror surface becomes a serious problem which must be solved before multilayer coat- 
ings can be used for this application. Tolerance analysis of the spherical Schwarzschild microscope 
has shown that water window operations will require 2 — 3 times tighter tolerances to achieve a 
similar performance for operations with 130 A radiation. Surface contour errors have been shown 
to have a significant impact on the MTF and must be controlled to a peak-to-valley variation of 
50 — 100 A and a frequency of 8 periods over the surface of a mirror. 
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M(x) 

fii(cm) 

Z 0 (cm) 

Z(cm) 

L(cm) 

2 

109.0833 

8.256939 

-92.5694 

117.3402 

3 

58.2843 

8.047379 

-34.1421 

66.3316 

4 

45.5840 

8.006406 

-13.5584 

53.5904 

5 

40.0000 

8.000000 

0.0 

48.0000 

10 

31.7929 

8.023756 

48.4446 

88.2613 

20 

28.7361 . 

8.052073 

132.3053 

169.0935 

30 

27.8342 

8.06372 8 

214.0777 

249.9756 

40 

27.4027 

8.069952 

295.3954 

330.8680 

50 

27.1497 

8.073812 

376.5409 

411.7644 

60 

26.9835 

8.076437 

457.6027 

492.6626 

70 

26.8659 

8.078337 

538.6176 

573.5619 

80 

26.7784 

8.079775 

619.6036 

654.4618 

90 

26.7107 

8.080902 

700.5705 

735.3621 

100 

26.6567 

8.081809 

781.5242 

816.2627 


Table 1: Schwarzschild Microscope Parameters for = 10cm. 












Variable 

Primary 

Secondary 

Diameter(mm) 

140.0 

29.0 

Hole Dia. (mm) 

30.0 

none 

Vertex Radius (mm) 

139.170963 

49.999915 

Conic Constant 

0.0029751487 

-0.002862214 

A4 (mm-3) 

1.405927D-10 

-1.826711D-9 

A6 (mm-5) 

0 

-4.739086D-11 


Table 2: Surface parameters for a 30x Head microscope. 










Variable 

Design Value 

Tolerance: MTF(im) at half-cutoff frequency 

> 0.200 


> 0.100 

Ri 

139.170963 mm 

0.140 /zm 

0.185 /zm 

0.230 /zm 

Tilt of Si 

0.00000 rad 

1.152 mrad 

1.340 mrad 

1.500 mrad 

Decenter of Si 

0.00000 mm 

180.0 /zm 

215.0 /zm 

238.0 /zm 

Ri 

50.00004 mm 

0.360 /zm 

0.490 /zm 

0.610 /zm 

Tilt of Si 

0.00000 rad. 

0.105 mrad 

0.136 mrad 

0.166 mrad 

Decenter of S\ 

0.00000 mm 

5.400 /zm 

6.900 fim 

8.500 /zm 

Spacing 

89.1710 mm 

0.180 urn 

0.235 fim 

0.290 /zm 


Table 3: Tolerance analysis of a 30a: Schwarzschild microscope with N A — 0.15 and A = 130 A. 













Variable 

Design Value 

Tolerance: MTF(im) at half-cutofF frequency 

> 0.200 

> 0.150 

> 0.100 

Ri 

139.170963 mm 

0.030 pm 

0.059 pm 

0.075 pm 

Tilt of Si 

0.00000 rad 

0.611 mrad 

0.698 mrad 

0.785 mrad 

Decenter of S\ 

0.00000 mm 

95.00 pm 

112.0 pm 

128.0 pm 

Ri 

50.00004 mm 

0.090 pm 

0.135 pm 

0.180 pm 

Tilt of S ' 2 

0.00000 rad 

0.030 mrad 

0.040 mrad 

0.051 mrad 

Decenter of S\ 

0.00000 mm 

1.500 pm 

2.000 pm 

2.530 pm 

Spacing 

89.1710 mm 

0.050 pm 

0.065 pm 

0.085 pm 


Table 4: Tolerance analysis of a 30a; Schwarzschild microscope with N A = 0.15 and A = 40 A. 















Figure Captions 

Figure 1: Geometrical configuration of a Head-Schwarzschild microscope. 

Figure 2: Sine Wave MTF and PSF of a 30x Schwarzschild microscope. 

Figure 3: Object plane resolution of a spherical Schwarzschild microscope as a function of 

N A. 

Figure 4: Numerical aperture of spherical Schwarzschild microscope as a function of the 
normalized primary mirror diameter (Di )apt / R 2 ) for different magnifications. 

Figure 5: Numerical aperture of a 30x spherical Schwarzschild microscope as a function of the 
secondary radius of curvature (/? 2 ) for different diameters of the primary mirror 

Figure 6: Deviation of Head microscope surfaces from the best fit spherical surface. 

Figure 7: Comparsion of the object resolution between Schwarzschild and Head microscopes 
as a function of the object space N A. 

Figure 8: Comparsion of the object resolution of a Head microscope as a function of the object 
space N A for different object heights. 

Figure 9: Variation of the angle of incidence over the 30x Head microscope surfaces as a 
function of numerical aperture. 

Figure 10: Perturbed Head microscope surface: (a) Perspective view and (b) Cross-sectional 
view for different spatial frequencies of contour errors. 

Figure 11: MTF(im) of Head microscope system for different surface contour errors. 

Figure 12: MTF(im) of Head microscope system for different surface contour errors. 




Figure 1: Geometrical configuration of a Head-Schwarzschild microscope. 








Figure 3: Object plane resolution of a spherical Schwarzschild microscope as a function of 
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Figure 4: Numerical aperture of spherical Schwarzschild microscope as a function of the 
normalized primary mirror diameter ( A,opt/# 2 ) for different magnifications. 




Figure 6: Deviation of Head microscope surfaces from the best fit spherical surface, 
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Figure 7: Comparsion of the object resolution between Schwarzschild and Head microscopes 
as a function of the object space N A. 
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Figure 10: Perturbed Head microscope surface: (a) Perspective view and (b) Cross-sectional 
view for different spatial frequencies of contour errors. 
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MTF Analysis for a 30x Head Microscope with Surface Errors 
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Figure 11: MTF(im) of Head microscope system for different surface contour errors. 
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Figure 12: MTF(im) of Head microscope system for different surface contour errors. 




